The profile of volatiles emitted by Ilex paraguariensis, leaves of which are used to produce a popular South American tea, were identified and compared among treatments. Headspace collections were performed for 24-72 hours for control, mechanical damage (MD), herbivory by larvae of Thelosia camina (TC), and by adults of Hedypathes betulinus (HB). Based on gas chromatography-mass spectrometry (GC-MS) and gas chromatography-Fourier transform infrared (GC-FTIR) analyses, 20 compounds were identified, totaling about 7, 5, 20, and 25 µg/plant/treatment (control, MD, TC and HB, respectively). Statistical analyses revealed that control and MD treatments are different from TC and HB herbivory treatments. Furthermore, HB herbivory was distinctive from the other treatments at 24 h in that HB feeding induced a distinctive pattern of emission of terpenes. Major compounds per treatments were decanal for control and DM, 4,8-dimethylnona-1,3,7-triene (DMNT) and 2-undecanone for TC, and DMNT and (E)-β-ocimene for HB.
Introduction
Leaves of the yerba mate tree, Ilex paraguariensis St. Hil. (Aquifoliaceae), are dried and minced to produce one of the most popular teas of South America, known with different names (yerba mate, chimarrão or tereré) depending on the region of cultivation and techniques of preparation. 1 Thus, the yerba mate tree is important for the economy and culture of South America. Ilex paraguariensis occurs naturally in Brazil, Argentina and Uruguay, with Thelosia camina (Schaus, 1920) (Lepidoptera, Eupterotidae) and Hedypathes betulinus (Klug, 1825) (Coleoptera, Cerambycidae) being its main pests. 2 Volatile organic compounds (VOCs) are secondary metabolites of plants that play important defensive and attractive roles in the interactions between plants and other plants, herbivores, pathogens and pollinators, among other things. 3, 4 Plants emit VOCs from leaves, flowers and fruits into the atmosphere and from roots into the soil, 5 and herbivory often induces the emission of novel VOC blends. 4, 6, 7 Although the essential oil of I. paraguariensis 3 and the volatiles emitted by yerba mate beverages have been studied previously, 8 the volatile profile from I. paraguariensis, or any other Ilex spp. (Aquifoliaceae), are unknown. Moreover, semiochemical studies of the yerba mate tree and its herbivores are scarce. Therefore, we undertook the present study of the VOCs emitted by I. paraguariensis before and after the herbivory by the lepidopteran, T. camina, and the coleopteran, H. betulinus.
Experimental

Plants and insects
Young yerba mate plants (100 days old), larvae of T. camina and adults of H. betulinus were collected in the field at a commercial farm of green yerba mate (I. paraguariensis) in São Mateus do Sul, Paraná, Brazil (25°52'27''S, 50°22'58''W) in October and November of 2015. Plants were maintained at room temperature, and insects were kept under controlled temperature, humidity and photoperiod (25 ± 2 °C; 70%; L 12 h:D 12 h) until experiments began.
For the experiments, lepidopteran larvae were selected by size (approximately 4 cm long) and tested beetles were approximately the same size. As insects were collected in the field their exact age was unknown. Yerba mate plants contained three to four leaves and measured 15-20 cm in height.
Volatile collections
The collection of volatiles was performed using glass chambers (11.5 × 35 cm) in a room with controlled temperature and photoperiod (25 ± 2 °C; L 12 h:D 12 h). Plants were watered every other day, and headspace samples were collected using a humidified and charcoal filtered airflow at approximately 0.75 L min -1 (per chamber). Volatiles were captured on glass columns containing 20 mg of HayeSep Q 80-100 mesh (Althech, Lokeren, Belgium). Desorption was performed with 300 µL of double distilled HPLC-grade hexane, and an internal standard (IS) (heptadecane, C 17 ) was added, resulting in a final concentration per extract of 5 ng µL -1 . The known concentration of the IS was used to quantify all volatile compounds present in the extracts.
Plants were kept inside glass chambers for four days during all treatments: control, mechanical damage (MD) (two leaves were cut in half at the beginning of the experiment), herbivory by larvae of T. camina (TC) (two larvae fed on the plant inside the chamber), and by adults of H. betulinus (HC) (two beetles fed on the plant inside the chamber). To reduce the capture of volatiles from soil, plant roots were covered with aluminum foil.
Plant damage caused by herbivory was verified before the beginning of experiments to guarantee that at least one leaf would be left intact and one leaf had been injured. Insects were removed from the chambers after 24 h, after which extracts were prepared every 24 h for three days, for a total of three extracts. Four repetitions of each treatment were performed.
Analytical procedures and identification of volatiles
Extracts were analyzed by gas chromatography-mass spectrometry (GC-MS) on a Shimadzu QP-2010 Plus equipped with a DB-5 column (30 m × 0.25 mm i.d., 0.25 µm film thickness; Agilent Technologies, USA) and by gas chromatography-Fourier transform infrared spectroscopy (GC-FTIR) on a Shimadzu 2010 equipped with a DB-5 capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness; Agilent Technologies, USA), coupled to a DiscovIR-GC (Spectra Analysis, USA) infrared detector (4000-750 cm -1 , resolution 4 cm 1 ). Injections of 1 µL were performed in the splitless mode, with an injector temperature of 250 °C. The column oven temperature was held at 40 °C for 1 minute, increased to 180 °C at 5 °C min -1 , then increased to 250 °C at 10 °C min -1 , and held for 2 minutes. Helium was used as carrier gas at a column head pressure of 170 kPa. The same parameters were used for all GC-MS and GC-FTIR analyses.
Heptadecane was used as internal standard in a concentration of 5 ng µL -1 on each extract. Extract components with concentration lower than 1 ng µL -1 were not considered for the analyses due to their low concentrations, leading to difficulties on identification and quantification. Retention indices (RIs) were determined using commercial standards of n-alkanes (C 10 to C 26 ). RIs and mass and infrared spectra were used to compare and identify VOCs already described in the literature. 9, 10 In adition to that, co-injections were performed with the following commercially available standards: nonane, decane, α-pinene, limonene, linalool, eucalyptol, 2-phenylethanol, nonanal, decanal, ocimene, farnesene, 6-methyl-5-hepten-2-one, acetophenone, 2-undecanone (Sigma-Aldrich Chemical Company, Milwaukee, WI, USA).
Statistical analyses
Data was analyzed by principal components analysis (PCA), followed by a multivariate analysis of variance (MANOVA) using selected principal components as responsive variables, and a Tukey test. First, a full MANOVA model was tested with all possible interactions (volatiles, treatment and time). Then, all non significant effects were discarded and the best subset model was retained. All tests were performed using R studio version 0.99.485.
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Results
Analysis of headspace collections of I. paraguariensis volatiles revealed 20 consistent peaks in chromatograms. In some cases, two to four compounds co-eluted as a single peak interfering with their identifications and quantifications. In total, 20 compounds were identified and six remained unidentified (Uc). Identified compounds were classified as aliphatic and aromatic hydrocarbons, terpenes, aldehydes, alcohols, and ketones ( Figures 1 and 2 , Table 1 ).
All 20 compounds were detected in all treatments, but in varying concentrations according to treatment. (E)-β-Ocimene (10) was the exception in that this compound was not detected in control plants ( HB extracts contained (E )-6,10-dimethyl-5,9-undecadien-2-yl acetate (retention time (RT): 21.89 minutes, RI: 1583) and (E)-6,10-dimethyl-5,9-undecadien-2-one (geranylacetone) (RT: 19.68 minutes, RI: 1455) (see Figure 1 , Ph2 and Ph1, respectively), two of the three components of H. betulinus' pheromone. 12 Geranylacetone was also present in control, MD and TC. Due to the impossibility to determine the concentration of geranylacetone emitted only by yerba mate plants in HB, this compound was removed from the analysis. Moreover, HB extracts contained the compounds methyl salicylate (MeSA) and geraniol (Ge) (Figure 1 ) in low concentrations, which were not considered for the quantification analyses.
DMNT (15) emitted by TC plants revealed a pattern of emission ( Figure 3 , pattern A) that was more common in this treatment when compared to DM and HB. In this pattern A, a high emission was observed in the first 24 h, followed by a decrease at 48 h and by an even higher emission at 72 h. Compounds 1-9, 11, 13 and 17-19 of TC treated plants (n = 14) and 1-3, 5-8 and 19 of HB (n = 8) followed this 
Discussion
Volatile organic compounds are secondary metabolites of plants, usually lipophilic liquids with low molecular weight and high vapor pressure at ambient temperatures, and they are divided into several classes based on their biosynthetic origin; primarily, terpenoids, phenylpropanoids/benzenoids, fatty acid derivatives, and amino acid derivatives. 13 In the current study, VOCs emitted by I. paraguariensis plants were composed mainly by terpenoids (n = 7) (Figure 2) . Terpenoids constitute the largest class of plant volatiles represented mainly by isoprene (C 5 ), monoterpenes (C 10 ), and sesquiterpenes (C 15 ). Moreover, terpenoids are of crucial importance in chemical ecology of pollinator attraction, plant defense, and interaction with the surrounding environment.
14 All terpenoids are synthesized from two C 5 precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) at the MEP (methylerythritol 4-phosphate), which occurs at the cytoplasm of plant cells and MEV (mevalonate) pathways, 14 which occurs inside plastids, as the chloroplast. These biosynthetic pathways of terpenoid compounds may be the most important for the response against mechanical damage and herbivory injuries for T. camina and H. betulinus. Furthermore, terpenoids are also produced by control yerba mate plants indicating that the biosynthesis is also active if plants are not injured. However, there were clear differences in quantity and proportion of volatiles altering the bouquet of VOCs according to treatment. This indicates that, although apparently the same biosynthetic pathways might be active in the plant with or without injury, there must be significant change involving pathways and/or terpene synthase enzymes specifically activated after herbivory.
Herbivory treatments induced yerba mate plants to emit higher amounts of VOCs (Table 1) , especially the homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) (15) and the monoterpene (E)-β-ocimene (10) (the latter was not emitted by control plants) in TC treatments, and 2-undecanone (19) and DMNT (15) (homoterpene) in HB treatments. (E)-β-Ocimene (10) could function in yerba mate plants specifically for defense against herbivorous insects and microorganisms. This compound, present in the essential oil of Lavandula multifida (Lamiaceae), inhibited the filamentation of the fungus Candida albicans (Berkhout, 1923) (Saccharomycetaceae). 15 Moreover, (E)-β-ocimene produced by transgenic plants (lima bean and corn) induced priming responses of other plants, successfully attracting predators and parasitoids. 16 In addition, β-ocimene induced the increase of methyl jasmonate and transcript levels of defense/stress-inducible genes in tissue levels in Arabidopsis thaliana DMNT (15) was produced in high amounts by yerba mate plants after both treatments of herbivory (TC and HB). DMNT and 4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) are degradation products of the terpenoids nerolidol and geranlyl-linalool. 18 They can be synthesized by many angiosperms and were detected in the headspace of many plant species after herbivory. 19, 20 DMNT transgenically produced by lima bean plants (Phaseolus lunatus, Fabaceae) is attractive to the predatory mite, Phytoseiulus persimilis (Athias-Henriot, 1957) (Acarina, Phytoseiidae). 20 Moreover, DMNT is one of the main constituents of the mixture of VOCs emitted by herbivore-attacked maize plants (Zea mays, Poaceae) that attracts herbivore enemies. 21 2-Undecanone (19) is a constituent of Solanaceae and other plant families, and it has been shown to have toxic and/or repellent properties against some insects species. 22 In tomato plants (Lycopersicon hirsutum f. glabratum, Solanaceae), the 2-undecanone found in the glandular trichome of leaves negatively affects the growth and survival of Helicoverpa zea (Boddie, 1850) (Lepidoptera, Noctuidae) and Manduca sexta (Linnaeus, 1758) (Lepidoptera, Sphingidae). 23 However, this ketone provided a short-range chemical cue that provoked the walking, but not flying activity, of the tomato potato psyllid, Bactericera cockerelli (Sulc, 1909) (Hemiptera, Triozidae). 22 Moreover, 2-undecanone was attractive in a short-range distance to the olive bark beetle, Phloeotribus scarabaeoides (Bernard, 1788) (Coleoptera, Curculionidae). 24 The aldehyde decanal (18) , the major compound emitted by undamaged (control) yerba mate and mechanically damaged plants, has been observed as a component of the bouquet of volatiles of various plant species, before and after herbivory damage. For example, it is emitted by red clover plants (Trifolium pretense, Fabaceae) after the attack of Spodoptera littoralis (Lepidoptera, Noctuidae), exibiting a positive correlation between herbivory damage and emission. 25 Therefore, all major compounds (10, 15, 18 and 19) emitted by yerba mate plants after the herbivory of T. camina and H. betulinus have been reported as both repellents to herbivores or microorganisms, and attractants to the natural enemies of herbivores. Hence, they should be tested as repellents against I. paraguariensis herbivores, and as attractants of natural enemies of these herbivores to corroborate this hypothesis.
HB extracts contained two of the three components of H. betulinus pheromone. The major compound produced and emitted by males is (E)-6,10-dimethyl-5,9-undecadien-2-yl acetate and one of the two minor compounds is geranylacetone ((E)-6,10-dimethyl-5,9-undecadien-2-one). 12 Geranylacetone is a component of the bouquet emitted by yerba mate plants and has been indicated as a precursor of the major component of H. betulinus pheromone. 26 Methyl salicylate (MeSA) and geraniol were found in HB extracts, and are well known as components of the herbivore induced plant volatile (HIPV) bouquet of many plant species. MeSA is an important signaling compound of systemic acquired resistance (SAR) in plants, 27 and is involved in the response against herbivory in different plant cultures. 7, 28 For example, it attracted different families of beneficial insects in open field and hop yards (e.g. Syrphidae, Braconidae, Empididae, Sarcophagidae), 28, 29 and affected the abundance of organisms of different trophic levels in studies with Brassica rapa (Brassicaceae). 30 Furthermore, geraniol is a known HIPV and it attracted wasps and flies in the families Braconidae (Hymenoptera) and Sarcophagidae (Diptera) in open field and hop yards experiments, 29 indicating its role in defense. Leaves usually release small quantities of volatiles, but after herbivory, many more volatiles are released, attracting both parasitic and predatory insects (natural enemies specific to the herbivores), and also inducing defense responses in neighboring plants. 31 The unique bouquet emitted by yerba mate plants after the herbivory of both T. camina and H. betulinus reflects this dramatic increase in the volatiles emitted, but not in their composition. The absence of qualitative differences against MD and herbivory treatments was in a certain way expected as phytophagous insects that cause extensive feeding damage on plant tissues induce changes in gene expression and accumulation of secondary metabolites similar to mechanical wounding. 32 However, elicitors are usually present in the oral secretion of lepidopteran larvae inducing defense responses in plants 7 and might be responsible for the quantitative differences between HB and MD treated plants. This quantitative distinction is likely to affect the perception of enemies of these herbivores, as it is also suggested by the two different patterns of emission in both herbivories (A in TC and B in HB, Figure 3) .
When the essential oil of yerba mate plants extracted by hydrodistillation was analyzed by GC-MS, 32 compounds were identified. 3 In this study, only four of these compounds were detected in the VOCs emitted by I. paraguariensis control and treated plants (see Table 1 ). Such difference in composition could be due to different location of production, or the VOCs emitted by plants being rapidly eliminated by stomata or through cuticle, whereas the volatiles obtained in essential oil extractions are stored inside the leaves.
A related research study investigated the volatiles emitted by the infusion of green yerba mate and roasted yerba mate leaves. The main compounds were tentatively identified in green yerba mate as linalool, α-terpineol, and trans-linalool oxide, and in roasted yerba mate as (E,Z)-2,4-heptadienal isomers and 5-methylfurfural. 8 Except for linalool, none of these compounds were identified in the VOCs emitted by yerba mate plants. Moreover, studies of the yerba mate tea composition revealed that the major compounds are phenolic compounds, being the isomers caffeoylquinic and dicaffeoylquinic acids the major components detected in the phenolic fraction. Besides that, mixed mono-, di-and tri-esters of quinic acid and other hydroxycinnamates, and several quercetin and kaempferol glycosides were also identified.
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Conclusions
Yerba mate plants emitted the same VOCs before and after being mechanically and herbivory damaged by its main pests, Thelosia camina and H. betulinus. The only exception was (E)-β-ocimene (10), the only unique compound from damaged plants. Herbivory had a total mean emission (in ng) for 24 to 72 h of approximately two and three times more when compared with control, and three and four times more if compared with MD. Moreover, the major compounds of herbivory presented the homoterpene DMNT (15) in common, along with (E)-β-ocimene (10) in TC and 2-undecanone (19) in HB. Control and MD shared the same major compounds, decanal (18) and 2-undecanone (19) . All major compounds have been cited in the literature to act in plant defense as repellents (herbivores) or attractants (natural enemies of herbivores) of insets, depending on the insect feeding habit, and bioassays have to be performed to support this hypothesis.
The ecological and evolutionary roles of secondary metabolites have been associated with allelopathic interactions among plants, defense against animals, protection from harmful insects, resistance to microbial attacks, healing of plant organ wounds, water regulation, and attraction of insects and animals for pollination. 15, 34 Identifying the VOCs emitted by plants of I. paraguariensis is the first step before studying and understanding the ecological roles of these compounds in tritrophic interactions among this plant and its herbivores and natural enemies.
